


Monitoring Immune Dysfunctions in the Septic Patient: A New
Skin for the Old Ceremony

Guillaume Monneret,! Fabienne Venet,? Alexandre Pachot,” and Alain Lepape4

"Hospices civils de Lyon, Immunology laboratory, Hopital E. Herriot, Lyon, France; *Division of Surgical Research, Rhode Island Hospital /
Brown University, Providence, RI, USA; 3Joint Unit Hospices Civils de Lyon-bioMérieux, Hopital Edouard Herriot, Lyon, France;

*Hospices civils de Lyon, Centre Hospitalier Lyon-Sud, Intensive Care Unit, Lyon, France

Septic syndromes represent a major although largely underrecognized healthcare problem worldwide, accounting for thou-
sands of deaths every year. It is now aygreed that sepsis deeply perturbs immune homeostasis by inducing an initial fremendous
systemic inflammatory response which is accompanied by an anfi-inflammatory process, acting as neyative feedback. This com-
pensatory inhibitory response secondly becomes deleterious as nearly all immune functions are compromised. These alterations
might be directly responsible for worsening outcome, as they may play a major role in the decreased resistance to nosocomial
infections in patients who survived initial resuscitation. Consequently, immunostimulatory therapies may now be assessed for the
treatment of sepsis. This review focuses on immune dysfunctions described in septic patients and on their potential use as mark-
ers on a roufine standardized basis for prediction of adverse outcome or of occurrence of secondary nosocomial infections. This
constitutes a prerequisite to a staging system for individualized treatment for these hitherto deadly syndromes.
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THE OLD CEREMONY

Septic syndromes represent a major,
although largely underrecognized
healthcare problem worldwide, account-
ing for thousands of deaths every year.
Epidemiological studies estimated the
number of cases of sepsis to be 750,000 in
1995 in the USA (resulting in more than
210,000 deaths) and nearly 60,000 in 2001
in France (1,2). Mortality remains high,
ranging from 20% for sepsis to >50% for
septic shock (1,3,4). More worrisome, a
75% increase in the incidence rate of se-
vere sepsis has been observed over the
past two decades, which may be partly
explained by the improved care of the el-
derly and by associated comorbidities in
patients [for example, cancer, diabetes (2)].
Therefore, as the population further ages,
the incidence of sepsis is projected to in-
crease significantly, leading, for example,
to over a million cases of severe sepsis in

2020 in the USA alone (1). Accordingly, a
recent study showed that the hospitaliza-
tion rate for severe sepsis has almost
doubled from 1993 to 2003 and that the
population-based mortality rate has risen
by two-thirds during the same period of
time (4).

The provision of apparently adequate
fluid resuscitation/goal-directed therapy,
specific antibiotics, and low-dose
steroids; management of blood glucose
levels; aggressive operative intervention;
selective use of activated protein C; and
almost 20 years of anti-inflammatory
clinical trials have had only a modest ef-
fect in decreasing mortality. The inability
of these therapies to mitigate the devas-
tating effects of this condition indicates
that the initial hypotheses for sepsis
pathophysiology have been miscon-
strued or inadequately addressed. Fur-
thermore, treating septic patients as a
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group despite the extreme heterogeneity
characterizing this population constitutes
another explanation. In particular, the
failure of anti-inflammatory strategies
based on the postulate that death after
sepsis is solely due to an overwhelming
pro-inflammatory immune response is
an illustrative example (5,6). Rather, we
can now postulate that immune dysfunc-
tions that are supposed to play a role in
mortality may be different between a pa-
tient succumbing within the very first
hour after sepsis and a patient surviving
these first critical hours but dying later
from a secondary nosocomial infection.

THE NEW SKIN

Several lines of evidence have estab-
lished that death from septic shock may
be due to the effect of distinct mechanisms
over time. Early in septic shock, a massive
release of inflammatory mediators (nor-
mally designated to trigger immune re-
sponse against pathogens) occurs, which
may be responsible for organ dysfunction
and hypoperfusion (7,8). Concomitantly,
the body develops compensatory mecha-
nisms to prevent overwhelming inflam-
mation and dampen an overzealous anti-
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Figure 1. Simplified description of pro- and anti-inflamsmatory systemic immune responses
over time after sepftic shock. The dashed lines represent pro- or anfi-inflasmmatory re-
sponses; the bold line represents the result at the systemic level. The shift from a pro-in-
flalmmatory to an anti-inflammatory immune response predominant at the systemic level
likely occurs before 24 h after diagnosis of shock.

infectious response (Figure 1). These nega-
tive feedback mechanisms, although hav-
ing protective effects during the first
hours, may paradoxically become deleteri-
ous as they persist over time. Indeed, con-
siderable clinical and experimental evi-
dence indicates that patients rapidly
present with numerous compromised im-
mune functions (7-9). Therefore, as our
capacity to treat patients during the very
first hour of shock has improved (early
and aggressive initial supportive therapy),
many patients now survive this critical
step but eventually die later in a state of
immunosuppression. Indeed, it has been
observed that the majority of nonsurviv-
ing septic shock patients (>80%) die late
after initial resuscitation and present
with hallmarks of immunosuppression,
whereas patients who survive are those
who spontaneously recover immune func-
tions without specific treatments (10). The
necessity of an effective immune response
to survive septic shock is further illus-
trated by a recent genomewide study of
mRNA expression in patients (11). Among
14,500 genes, we observed that the 19
genes overexpressed in survivors were
mainly involved in innate immune re-

sponse [cytokine, chemokine receptors,
effectors of the Toll-like receptor (TLR)
pathways].

These immune alterations are thought
to play a major role in impaired clearance
of microorganisms. They could explain
patients’ difficulty to fight the primary
bacterial infection and their decreased re-
sistance to secondary nosocomial infec-
tions. As evidence, a proportion of noso-
comial infections observed in septic
patients are due to commensal organisms,
which become pathogenic solely in frag-
ile, immunocompromised hosts (12). Con-
sequently, immunostimulatory therapies
constitute an innovative strategy that de-
serves to be assessed for the treatment of
sepsis. The goal is to improve bacterial
killing at the primary site of infection and
to prevent the development of nosocomial
infections and the reactivation of dormant
viruses (12). However, despite encourag-
ing preliminary studies (interferon-y,
GM-CSF), we are still far from being able
to initiate larger clinical trials. In particu-
lar, we need to be able to identify patients
beforehand who would actually benefit
from immunostimulating therapies. In-
deed, in the absence of specific clinical
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signs of immune status in patients, it is
necessary to determine the best biological
tools for patients’ stratification according
to their immune status (a missing step in
most previous clinical trials). This would
allow us to define the right action (that is,
stimulating innate immunity and/or
adaptive immunity, blocking apoptosis,
restoring other altered functions) at the
right time (early or delayed) in the right
patient (individualized/tailored therapy).
Also, this would allow us to conduct a
close monitoring of patients” immune and
inflammatory responses to the drugs
(drug efficacy or drug side effects-for ex-
ample, reactivation of deleterious inflam-
matory response). Consequently, more
knowledge of sepsis pathophysiology is
needed not only if we are to develop bet-
ter, more effective interventions, but also
to identify for whom and when these in-
terventions will be most efficacious.

Although the mechanistic and molecu-
lar bases for sepsis-induced immunosup-
pression are not exhaustively established,
several features of the condition have
been described, including enhanced
leukocyte apoptosis, lymphocyte anergy,
and deactivated monocyte functions (7-14).
This review focuses on immune dysfunc-
tions described in septic patients and on
their potential use as markers on a rou-
tine standardized basis for prediction of
adverse outcome or occurrence of sec-
ondary nosocomial infections.

FUNCTIONAL TESTING

Because it directly measures ex vivo
the capacity of a cell population to re-
spond to an immune challenge, func-
tional testing theoretically represents
the best method to establish the diagno-
sis of immunoparalysis. Two hallmarks
of sepsis are regularly reported: de-
creased monocyte capacity to release
proinflammatory cytokines in response
to lipopolysaccharide (LPS) challenge
and lowered lymphocyte proliferation
in response to antigens (tuberculin,
tetanus toxin) or nonspecific (phyto-
hemagglutinin, concanavalin A, anti-
CD3, anti-CD28 antibodies) stimula-
tions (15-17,21-28).
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Lymphocyte anergy is illustrated by
the loss of delayed-type hypersensitivity
reaction to skin test recall antigens in pa-
tients. This has been described for a long
time and is known to be associated with
mortality and with the development of
secondary infections (18-20). Indeed, a
marked decrease in lymphocyte prolifer-
ation has been described in patients after
severe injuries (sepsis, major surgery, se-
vere burn or trauma) (15-17,21-28). This
was associated with diminished produc-
tion of cytokines such as interleukin
(IL)-2 and y-interferon (IFN-y) by periph-
eral blood mononuclear cells (15,29,30).
Manjuck et al. (16) observed that de-
creased proliferative response to tetanus
toxin in severe septic patients was asso-
ciated with diminished expression of
monocyte HLA-DR and CD86 and of
lymphocyte CD28 (all activator corecep-
tors during the process of antigen pres-
entation), whereas expression of cyto-
toxic T lymphocyte antigen (CTLA)-4
(an inhibitory coreceptor) was increased
on lymphocytes. Similarly, recent data in
trauma correlated diminished lympho-
cyte proliferation with increased expres-
sion of inhibitory coreceptors on lym-
phocytes (28). Most important, it has
been observed that the severity of this
state of anergy correlated with poor out-
come, increased occurrence of infectious
complications, and subsequent multior-
gan failure (16,21-28,31).

Usually performed with peripheral
blood mononuclear cells (that is, lym-
phocytes and monocytes), the measure-
ment of cell proliferation in vitro investi-
gates both the capacity of lymphocytes to
proliferate and of monocytes to present
antigens (when performed with recall
antigens) in a single test. Proliferation is
usually assessed by [’H]thymidine up-
take or, more recently, by the use of fluo-
rescent probes [such as carboxyfluores-
cein diacetate succinimidyl ester (CFSE)].
However, as proliferation tests require
long incubation time (two to three days
for mitogens, five to seven days for recall
antigens), they are not suitable for clini-
cal decision-making and thus are not
performed on a routine basis.
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Concomitantly, many groups have inves-
tigated the capacity of patient cells (mainly
antigen-presenting cells/monocytes) to
release proinflammatory cytokines in re-
sponse to LPS, other TLR agonists, or
whole bacteria in vitro (see recent review
in 32). These tests represent reliable meth-
ods to assess the phenomenon of endo-
toxin tolerance defined as a reduced re-
sponsiveness to a secondary LPS
challenge following a first inflammatory
response. Monocytes from septic patients
usually present with a diminished capac-
ity to release tumor necrosis factor
(TNF)-a, IL-10,, IL-6, and IL-12, whereas
the release of anti-inflammatory media-
tors (IL-1ra, IL-10) is not affected or even
slightly increased (33-38). This shows that
LPS can still activate monocytes but that
the intracellular signaling has been turned
to favor production of anti-inflammatory
molecules, therefore supporting the con-
cept of leukocyte reprogramming (39,40).
Of note, cytokine measurements have
usually been performed using homemade
protocols, therefore leading to poor repro-
ducibility. However, some results are now
obtained with commercially available
kits, allowing for better standardization
(41,42). still, large multicenter clinical tri-
als are required to assess this test with re-
gard to outcome and compare it with
other markers of monocyte dysfunction
such as reduced monocyte HLA-DR ex-
pression (mHLA-DR, see below).

In summary, although not suitable for
routine monitoring and clinical decision-
making, these functional tests remain es-
sential to obtain further insights to the
pathophysiology of sepsis-induced im-
munosuppression and assess the validity
of surrogate markers, more easily meas-
urable and standardizable.

MEASUREMENT OF CIRCULATING
MEDIATORS

Despite a large number of studies fo-
cusing on the measurement of plasmatic
concentrations of various mediators,
none of them has been consensually ac-
cepted. This might be explained by the
complexity of the interactions between
the numerous networks and amplifica-

tion cascades involved in sepsis patho-
physiology. Indeed, hundreds of media-
tors are likely to participate in sepsis
pathophysiology, and their concentra-
tions vary rapidly over time (43). Nu-
merous correlations have been observed
between the increased concentration of
one particular circulating mediator and
adverse outcome, but none of them is
routinely used for patient staging and
monitoring. This is especially true for
pro-inflammatory cytokines. TNF-a,
IL-6, and IL-8 have been extensively in-
vestigated during the last two decades
without providing clear-cut results. An
alternative strategy might be to stratify
patients on the basis of decreased levels
(instead of increased levels) of these pro-
inflammatory mediators, which might
subsequently be proposed as substitutive
therapy. An example would be the study
of circulating levels of GM-CSE. It has
been documented that plasma concentra-
tions of GM-CSF after sepsis were signif-
icantly depressed in nonsurvivors in
comparison with survivors, whose levels
were similar to healthy donors (44). This
therefore provides a rationale for starting
therapies aimed at restoring GM-CSF
concentration.

Regarding pro-inflammatory cy-
tokines, high mobility group box 1
(HMGB1) deserves to be specially inves-
tigated, as it represents a delayed/late
mediator in sepsis (45). Its concentration
continues to be elevated while other pro-
inflammatory cytokines such as TNF-a
or IL-6 have returned to normal (46,47).
Moreover, HMGB1 may interact with
other aspects of sepsis pathophysiology,
including apoptosis, dysfunctional den-
dritic cells (DCs), maturation, or chemo-
taxis (48). It has also been shown that its
persistent increase during sepsis is asso-
ciated with unfavorable outcome (47,49).
It would therefore be interesting to as-
sess its concentration in a large cohort of
septic patients.

On the other hand, in the particular
context of immunosuppression, measur-
ing persistently increased concentrations
of anti-inflammatory mediators may be
an indicator for the initiation of immune-



stimulating therapy. Lots of candidates
have been proposed, but the most consis-
tent data concerns IL-10. Gogos et al. (50)
showed that IL-10 and IL-10/TNF-a ra-
tios, among a panel of various cytokines
(11-1, IL-6, STNF-RI and II), were the
more powerful predictors of mortality
in patients with severe sepsis both at ad-
mission and 48 h later. Van Dissel et al.
(51) reported similar results: they ob-
served that a high IL-10/TNF-a ratio
was associated with unfavorable out-
come in a group of 450 febrile patients.
Accordingly, in critically ill septic pa-
tients at admission, higher values of IL-10
were measured in nonsurvivors and pro-
vided better prognostic information than
IL-4 (52). An anti-inflammatory profile
was also found to be associated with
severity in children with meningococcal
sepsis (53). We extended these results by
illustrating that IL-10 levels remained
higher in nonsurvivors until 15 days
after the onset of septic shock in a group
of 38 patients (54). In parallel, neither
TNF-a nor transforming growth factor
(TGF)-p values were able to differentiate
survivors from nonsurvivors (54). In ad-
dition, we observed that IL-10 was the
sole cytokine to correlate with mHLA-
DR values. In particular, high IL-10 con-
centrations at the beginning of shock
were negatively correlated with the nadir
of mHLA-DR measurements during the
2 weeks of monitoring (54). Conse-
quently, this initial value of IL-10 may
reflect the severity of the forthcoming
immunoparalysis. Similar results have
been observed with IL-10 mRNA meas-
urements in comparable cohorts of pa-
tients (49,55,56). Very recently, Leonidou
et al. (57) confirmed these results. They
observed that high IL-10 levels were as-
sociated with mortality after severe sep-
sis and, importantly, with stress-induced
hyperglycemia, whereas TNF-a, IL-6,
and TGF-f concentrations did not have
any predictive value. Given the proper-
ties of IL-10 in suppressing the synthesis
of numerous proinflammatory cytokines
(59), its continued release may contribute
to the immune dysfunctions observed
after septic shock and thus may augment

susceptibility to secondary microbial in-
vasion (58-60).

Along with IL-10, TGF- constitutes a
potent immunosuppressive cytokine
often described as being implicated in
immunoparalysis (9) and as playing a
role in monocyte deactivation during
endotoxin tolerance (61). In numerous
clinical studies, however, its plasma
levels were found to be in normal range
(or slightly above), and no difference
has been observed between survivors
and nonsurvivors (30,54,56,57,62).
These results suggest that IL-10 might
be more important than TGF- in the
pathophysiology of sepsis-induced im-
munoparalysis. This is in accordance
with experimental data showing that
blocking IL-10 is more efficient than
blocking TGF-p in reversing endotoxin
tolerance (59,61,62).

Many other mediators are known to
be elevated during septic shock and to
possess immunosuppressive properties;
we can mention soluble HLA-G mole-
cules, prostaglandin E2, a-melanocyte-
stimulating hormone, adrenomedullin,
and vaso-intestinal peptide (63-67).
There is also evidence for a direct inter-
action between nervous, endocrine, and
immune systems. Numerous mediators
participating in this network and in-
creased during sepsis behave as im-
munosuppressors: cortisol, norepineph-
rine, acetylcholine (66-70). However,
they all need to be assessed in large
clinical studies.

It should be noted that measuring
concentrations of a single mediator (or a
few mediators) for establishing patients’
immune status remains questionable be-
cause it provides only a partial view of
the disorders. In many cases, determin-
ing what force dominates (pro- vs anti-
inflammatory responses) on the basis of
serum measurements will remain
nearly impossible, because both re-
sponses are enhanced during septic
shock. An alternative would be to use a
panel of markers rather than a single pa-
rameter, allowing a better definition of
individualized pro-/anti-inflammatory
profiles (49,71-73).
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CELLULAR MONITORING

Antigen-Presenting Cells: Dendritic Cells
Preliminary results in mice suggest the
importance of dendritic cell (DC) dys-
function and apoptosis during sepsis.
DCs are not only affected /killed by the
systemic inflammatory response but may
also contribute to the development of im-
mune suppression during sepsis by im-
paired functions such as reduced IL-12
production or decreased capacity to acti-
vate T cells (74). Accordingly, in several
murine studies, secondary infections and
mortality have been reversed by adminis-
tration of DCs purified from naive ani-
mals (75) or fms-like tyrosine kinase 3 lig-
and (FLT3-L, a DC growth factor) (76,77).
In humans, Guisset et al. (78) have ob-
served a reduced DC blood count in sep-
tic patients. Interestingly, this loss was
more important in patients who died
than in survivors. The number of circulat-
ing DCs was also inversely correlated
with severity scores such as SAPS II (78).
Ho et al. (79) monitored blood DCs in 56
patients before and after surgery. They
observed that the number of DCs in-
creased acutely in response to the stress
of surgery but dropped below preopera-
tive levels on days 2 to 3. In a post-
mortem study of spleen from 26 septic
patients and 20 trauma patients,
Hotchkiss et al. (80) observed that sepsis
causes a dramatic reduction in the per-
centage area of spleen occupied by follic-
ular DCs and that the number of MHC
II" interdigitating DCs was decreased in
septic patients compared with trauma pa-
tients. Regarding DC functions, Faivre et
al. (81) investigated the ability of mono-
cytes to differentiate into functional DCs
in vitro in patients undergoing surgery
for peritonitis. They observed that, al-
though the ability of patients” deactivated
monocytes to differentiate into mature
DCs was faster than in healthy individu-
als, these DCs were unable to increase
T-cell response. De et al. (82) observed
that in trauma patients, monocytes with
reduced IL-12 production and decreased
ability to induce T-cell proliferation also
had decreased capacity to differentiate
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into DCs in vitro. Overall, these studies
suggest that, as observed in murine mod-
els of sepsis, human DCs may be not only
decreased in blood after sepsis but also
dysfunctional, which may therefore play
a pivotal role in the development of sepsis-
induced immunosuppression. Conse-
quently, the monitoring and potential re-
versal of DC dysfunctions may represent
an innovative therapeutic strategy for the
treatment of sepsis.

Antigen-Presenting Cells: Monocytes
Monocytes from septic patients are
characterized not only by decreased ca-
pacity to mount a pro-inflammatory re-
action upon secondary bacterial chal-
lenge (as previously discussed), but also
by impairment in antigen presentation,
likely due to the lowered expression of
major histocompatibility (MHC) class II
molecules. Indeed, in septic patients,
decreased cell-surface expression of
HLA-DR molecules has regularly been
observed on circulating monocytes. As
opposed to circulating mediators, the
major advantage of measuring a cell-
surface marker such as mHLA-DR is that
its level of expression is a result of the
sum of the effects of multiple mediators,
all of which are potentially regulated
during septic shock. For example, mHLA-
DR expression has been shown to be
positively and negatively regulated by
cytokines such as IFN-y and IL-10, as
well as by corticoids and catecholamines
(83-86). There is general consensus that
diminished mHLA-DR expression may
be a reliable marker for immunosuppres-
sion in critically ill patients (47,87,88).

mHLA-DR Expression and Functional
Parameters

Importantly, several studies have
demonstrated the association of low
mHLA-DR expression and impairment
of various monocytic functions. Mono-
cytes from septic patients with decreased
mHLA-DR produced low amounts of
TNF-a and IL-1 in response to bacterial
challenges, including LPS and SEB or
PMA stimulations (62). Similarly, lym-
phocytes from septic patients with low
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mHLA-DR have been shown to be un-
able to proliferate in response to tetanus
toxin as a consequence of a failure in
antigen presentation (16). Accordingly,
Wolk et al. (89), in an experimental
model of endotoxin tolerance, repro-
duced the decrease of mHLA-DR and
showed that it is associated with impair-
ment in T-cell proliferation and IFN-y
production in response to recall antigens.
In a series of nine consecutive septic pa-
tients with immunosuppression, the ad-
ministration of GM-CSF induced sus-
tained mHLA-DR recovery accompanied
by a restoration in ex vivo TNF-a pro-
duction after LPS challenge (41). Re-
cently, in surgical patients, Schneider et
al. (90) observed that G-CSF-induced
restoration of mHLA-DR was accompa-
nied not only by increased lymphocyte
proliferation and Th1 cytokine produc-
tion (IL-2 and IFN-y) in response to PHA
but also by a better capacity to release in-
flammatory cytokines in a whole-blood
model after LPS challenge. Finally and
intriguingly, it has been proposed that
the level of cell-surface MHC class II
molecules directly modulates the degree
of inflammatory response to LPS inde-
pendently of CD14 and TLR4 equipment.
In comparison with HLA-DR-positive
cells, HLA-DR-negative cells secreted
markedly reduced amounts of TNF-a
and IL-8 (91). Overall, these data demon-
strate that diminished mHLA-DR is a
surrogate marker for monocyte dysfunc-
tion. Importantly, the restoration of nor-
mal mHLA-DR levels is associated with
the recovery of monocyte functions.

mHLA-DR Expression and Clinical Study
Up to now, the decrease of mHLA-DR

expression has mainly been assessed as a
predictor of septic complications after
trauma, surgery, or pancreatitis (28,92-98).
In these studies, low levels of mHLA-DR
(<40% of positive monocytes, normal
>90%) were observed in patients who
subsequently developed nosocomial in-
fections. In contrast, in injured patients
with uneventful recovery, mHLA-DR
rapidly returned to normal values (in
general, <1 week). In the work of Allen et

al. (99), diminished mHLA-DR expres-
sion after cardiac surgery was found to
be an independent predictor of septic
complications after correction for usual
clinical parameters in a multiple logistic
regression analysis. Results in burn pa-
tients also indicate that low mHLA-DR
expression is associated with secondary
septic events (100,101). Similar results
have been reported in septic shock. Pa-
tients who developed secondary infec-
tions exhibited persistent decrease of
mHLA-DR expression (68). Our unpub-
lished data obtained from >200 septic
shock patients indicate that, seven days
after the onset of shock, patients with
mHLA-DR <40% will later develop noso-
comial infections.

On the other hand, low mHLA-DR has
also been shown to be predictive of ad-
verse outcome in different groups of criti-
cally ill patients (97,102,103). We recently
observed that burn patients rapidly pre-
sented with decreased mHLA-DR expres-
sion in the first day after burn, and that
this expression subsequently increased in
patients who survived but remained low
in nonsurvivors (101). Regarding severe
sepsis and septic shock, the predictive
value for outcome of decreased mHLA-
DR remains somewhat conflicting. Al-
though the decrease of mHLA-DR is gen-
erally well accepted, its correlation with
mortality is not reported by every author.
Perry et al. (104), Muller Kobold et al.
(105), and Fumeaux and Pugin (106) did
not observe any correlation, whereas
Docke et al. (107), Saenz et al. (108),
Hynninen et al. (52), Lekkou et al. (56),
Monneret et al. (109), and Le Tulzo et al.
(68) observed lower mHLA-DR in pa-
tients who died. However, those prelimi-
nary studies included a very limited num-
ber of patients and narrowed, in general,
the monitoring at the first 48 h after onset
of disease. Importantly, we observed that
the difference in mHLA-DR values be-
tween survivors and nonsurvivors be-
came significant only 48 h after the onset
of shock (110). In 93 consecutive septic
shock patients, we observed that, al-
though mHLA-DR values were not signif-
icantly different between groups during



the first 48 h, persisting low mHLA-DR
values (<30% of positive monocytes at
day 3 to 4 after ICU admission) identified
a population of patients with a high mor-
tality rate. Multivariate logistic regression
analysis revealed that low mHLA-DR
(<30%) at day 3 to 4 remained indepen-
dently associated with mortality after ad-
justment for usual clinical confounders.
Decreased mHLA-DR was even found to
be a better predictor of mortality than
SAPS II and SOFA scores (110). In parallel,
we demonstrated that the loss of mHLA-
DR expression was due to a global regula-
tion at the transcriptional level of all
MHC class II restricted genes and that the
magnitude of this regulation affected clin-
ical outcome (111).

Cutoff values, however, remain to be
precisely defined regarding specific clini-
cal context (they may be different de-
pending on the type of injury) and
elapsed time after the onset of sepsis/
injury. Therefore, multicenter clinical tri-
als need to be designed with appropriate
numbers of patients prospectively se-
lected on the basis of well-defined criteria
and ultimately classified on the basis of
well-defined outcomes (87). A prerequi-
site for all centers performing mHLA-DR
measurements should also be the stan-
dardization of the different protocols. For
that purpose, a standardized test has re-
cently been proposed. It is based on the
use of calibrated beads allowing the con-
version fluorescence intensity to number
of antibodies fixed per cell, and is there-
fore indicative of the number of HLA-DR
molecules per monocyte. Using this
method, results become comparable be-
tween different laboratories (112). That
said, the standardized use of an isotype
control for determining the percentage of
positive cells remains a robust and repro-
ducible method when conducted appro-
priately. Ideally, in ensuing clinical stud-
ies, these two modes of expression of
mHLA-DR (percentages versus number
of HLA-DR molecules per cell) should be
compared regarding their respective
value as prognostic markers.

Other molecules have been demon-
strated to be downregulated on the
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Table 1. Comparative study of absolute cell numbers of lymphocyte subpopulations
between septic shock patients and healthy individuals.

Cells/mL Sepfic patients Healthy volunteers

Total lymphocytes 1239 + 237 3113 +739

CD3* T lymphocytes 626 + 58 1352 + 86

CD4* T lymphocytes 428 +74 836 + 49
CD4*CD25" (Trey) 168 + 32 173+ 13
CD4'CD25 260 + 44 663 + 41

yd T lymphocytes 164 56+9

Others (includiny B, CD8*, NK) 613 1761

Data (mean + SEM) from Lyon clinical studies (126,127) were extracted to provide a global
picture of the absolute count of lymphocyte subpopulations measured in whole blood
from septic shock patients between days 3 and 5 after shock and from healthy individuals.

monocyte surface during sepsis: CD14,
CD86, GM-CSF receptor, and CX3CR1
(113-118). Their decreased expression
was correlated with mortality. Finally,
another field of investigation concerns
the respective roles of the numerous
mechanisms that negatively regulate
TLR-associated signaling pathways (for
example, IRAK-M, SIGIRR, Tollip, SOCS,
and MyD88s) in clinical samples (40).
This might reveal both diagnostic mark-
ers and new therapeutic targets.

Studies of T-Lymphocyte Subsets
Because of their ability to interact not
only with cells of the innate immune sys-
tem but also with other cells of the adap-
tive response, T lymphocytes play a cen-

tral role in the anti-infectious immune
response, as both effectors and regulators
of this response. This has been illustrated
by the description of increased mortality,
decreased bacterial clearance, and altered
pro-inflammatory immune response after
polymicrobial septic challenge in mice
lacking both T and B cells (119,120). A
growing body of evidence has now con-
firmed that the lymphocyte-mediated
immune response may be dysfunctional
after severe sepsis and may play a major
role in the development of a state of im-
munoparalysis in patients.

Besides the functional defects that have
been previously described, a marked de-
crease in the number of circulating lym-
phocytes has been observed in patients
after sepsis and severe trauma (Table 1)
(17,20,120-122). Most importantly, the

extent of this lymphopenia has been cor-
related with the development of nosoco-
mial infections in those patients (20,122).

During the phase of immunoparalysis,
T lymphocytes have also been character-
ized by a shift toward Th2-type immune
response. Several studies have observed
that mononuclear cells from injured pa-
tients present with reduced levels of Thl
cytokines (including TNF-o, INF-y, and
IL-2) but increased levels of Th2 cy-
tokines (mainly IL-4) and that the rever-
sal of the Th2 response improves survival
among patients with sepsis (7,123). This
has been mainly demonstrated by the
measurement of cytokine production by
ELISA or flow cytometry after in vitro
cell stimulation. With similar approaches,
however, some authors instead observed
global downregulation of Th1 and Th2
responses in patients after sepsis or se-
vere trauma (24,25,29,30,124). We ob-
served similar results based on the meas-
urements of Th2 cell-surface marker
(CRTH2) (125) or Th1/Th?2 transcription
factor mRNA by gRT-PCR (49). Interest-
ingly, in those patients, mRNA expression
of FOXP3 (specific transcription factor for
regulatory T cells) was not affected, sup-
porting the idea that regulatory functions
are maintained during sepsis (or even in-
creased) while effector responses are al-
most totally downregulated (126).

Regarding their phenotype, T lympho-
cytes have been characterized by the
overexpression of inhibitory coreceptors
during the phase of immunoparalysis.
It has recently been demonstrated in
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trauma patients that anergic T cells had
increased PD-1, CD47, and CTLA4 ex-
pression that would facilitate preferential
triggering of negative signaling path-
ways during T-cell stimulation (28) and
therefore lead to lymphocyte anergy.
Moreover, this increase in corepressor
receptors (in particular CTLA-4) appears
to be associated with a decrease in the
expression of co-activator receptors such
as CD28 (16) or CD3 (127), which could
also play a role in the development of
immunoparalysis (128).

Finally, one likely major characteristic
of T lymphocyte dysfunction after severe
injury is the increase among patients’
circulating lymphocytes of a cell popula-
tion with known regulatory properties.
CD4'CD25" regulatory T lymphocytes
(Treg) have recently been reported to be
a potent regulatory T-cell lineage, play-
ing an essential role in the control of
both adaptive and innate immune re-
sponses (129). An increase in the percent-
age of Treg has been described in septic
shock patients (14). Importantly, this in-
crease was observed immediately after
the diagnosis of sepsis but persisted only
in nonsurviving patients in association
with augmented CTLA4 expression.
These results were further extended by
the observation that this relative increase
was in fact due to a decrease of
CD4'CD25 circulating T lymphocytes
(Treg counterparts) and not so much to a
change in the absolute Treg count in pa-
tients (126). This suggests a lower sensi-
tivity of these cells to the apoptotic/
death mechanisms occurring after severe
injury, as illustrated by the decreased cell
number of every lymphocyte lineage but
Treg in the circulating blood of septic pa-
tients (Table 1). Subsequently, a similar
increase of Treg percentage has been ob-
served in trauma patients (130) and in
mice after polymicrobial septic challenge
and stroke (131-134). In total, even if the
actual role of these cells in the immune
dysfunction occurring after severe injury
remains to be demonstrated (inconclu-
sive results of functional studies in
murine models), based on their potent
regulatory properties one could postulate
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a role for Treg in the development of
lymphocyte anergy after severe injury.
This hypothesis seems to be confirmed
by our personal observations of a
strong correlation between increased
Treg/effector ratio measured in whole
blood after septic shock and decreased
proliferative response of lymphocytes
after mitogenic stimulation.

Regarding other populations of regula-
tory lymphocytes, a role for yd T cells as
well as natural killer (NK) T cells has
been proposed in the development of
immune dysfunction after severe injury
mainly on the basis of animal models
(135,136). These results have been in part
confirmed by a clinical study demon-
strating the decreased percentage of vd
T cells in septic shock patients (127).
However, the preferential tissue location
of those lymphocyte subpopulations and
their low percentage in the circulating
blood render their study in the human
setting technically difficult and therefore
their involvement in injury-induced im-
mune dysfunction hard to demonstrate.

In total, there is compelling evidence
that septic patients present with dysfunc-
tions of their adaptive and innate immune
responses, which might play a role in mor-
bidity and mortality after severe injury.

MONITORING OF APOPTOSIS

Increased apoptosis of immune effec-
tor cells has been shown to be a hallmark
of sepsis, and a number of studies have
suggested that this dysregulated process
may contribute to the immune dysfunc-
tion and multiple organ failure observed
during this deadly disease. Both the
death-receptor and the mitochondrial
pathways are likely to be involved in
sepsis-induced apoptosis, as well as nu-
merous inducers including steroids, cy-
tokines (TNF-a, HMGB1), Fas ligand,
heat shock proteins, oxygen radicals, ni-
tric oxide, and some specific T lympho-
cytes (13,120,137,138).

Pioneering autopsy studies by
Hotchkiss and colleagues (80,139,140)
disclosed a profound, progressive, apop-
tosis-induced loss of cells of the adaptive
immune system in the spleen, blood, and

gut-associated lymphoid tissue of adults
who had died of sepsis. Although no loss
of CD8" T cells or NK cells occurred, sep-
sis markedly decreased the level of B and
CD4" T cells. This loss was especially im-
portant because it occurred during the
life-threatening infectious process, while
clonal expansion of these cells might
have been expected (7). Subsequent au-
topsy studies of pediatric and neonatal
patients who died of sepsis have con-
firmed this profound apoptosis-induced
depletion of CD4" T cells and B cells
(122,141). Accordingly, Le Tulzo et al.
(142) observed a marked increase in
apoptosis of circulating lymphocytes
from septic shock patients compared
with critically ill patients without sepsis
and healthy volunteers. This induced a
profound and persistent lymphopenia
associated with poor outcome. Bilbault et
al. (143) observed a severe downregula-
tion of the expression of the anti-apop-
totic gene BCL2 in circulating mononu-
clear cells from patients with severe
sepsis. This was associated with reduced
T-cell count and increased annexin V la-
beling. Most importantly, immediately
after the onset of severe sepsis, this de-
crease was higher in nonsurvivors than
survivors. A second study by this group
confirmed these results by measuring the
Bax/Bcl-xI and Bax/Bcl-2 ratios in septic
shock patients (144).

Similarly, DCs appear to be apoptotic
in spleens of septic patients (79). Regard-
ing monocytes/macrophages, Williams et
al. observed an increased apoptosis of
circulating monocytes in septic patients
(145). Adrie et al. found that septic pa-
tients exhibited an increased percentage
of monocytes with a depolarized mito-
chondria (as a marker of apoptosis) com-
pared with healthy individuals (146).
Furthermore, among septic patients, this
percentage was significantly higher in
nonsurvivors than survivors. However,
one limitation to appreciate the incidence
of monocytes/macrophage apoptosis is
that some of these changes may represent
an increased role in clearance of apoptotic
cells, which may make these cells look
overtly more apoptotic as a result of



handling a greater amount of apoptotic
material (147). That said, the downmodu-
lation of expression of CD14 (a cell-sur-
face marker decreased during monocyte
apoptosis) on monocytes from septic
shock patients tends to confirm this in-
creased apoptotic process, especially be-
cause a higher decrease was observed in
patients who did not survive (114).

Paradoxically, neutrophil apoptosis is
delayed in sepsis (148). Neutrophils are
constitutively apoptotic in healthy indi-
viduals, and this program is normally
activated within hours of maturation
and release from marrow stores. As a re-
sult, the septic patient has an increased
number of activated neutrophils, essen-
tial for pathogen eradication but also im-
plicated in organ injury because of their
excessive release of damaging proteases
(148). The perplexing role of neutrophils
in sepsis pathophysiology remains to be
fully investigated.

Finally, increased apoptosis has also
been observed in endothelial and epithe-
lial cells. The hypothesis of endothelial
cell apoptosis after sepsis is based on the
observation that higher levels of “shed”
endothelial cells were detected in the
blood of septic shock patients (149). The
M30 neoantigen, which is a product of
cytokeratin 18 caspase cleavage and re-
lease, can be detected via ELISA during
the process of epithelial cell apoptosis.
Serum levels of M30 antigen are signifi-
cantly increased in septic patients in
comparison with noninfected trauma
patients or healthy controls (150). More-
over, nonsurviving patients exhibit a sig-
nificantly higher increase in M30 com-
pared with surviving patients or healthy
volunteers (150). Although it is strongly
suspected that these cells are dysfunc-
tional in septic patients, clear-cut docu-
mentation in the in vivo setting is diffi-
cult to obtain.

Aside from these cellular measure-
ments of apoptosis, the ability of septic or
severely injured patients’ serum to induce
apoptosis has been largely described on
various cell culture populations (151-153).
Accordingly, several groups observed in-
creased serum levels of proapoptotic fac-

tors such as sFas or sFasL in septic and
critically ill patients (17,154,155). Impor-
tantly, these markers exhibited direct cor-
relation with the occurrence of multiple
organ failure, and serum levels were
higher in septic patients who died com-
pared with survivors.

In conclusion, there is no doubt that
sepsis induces extensive apoptosis of
most immune cells. This may play a
major role in sepsis-induced immune
dysfunction and in patients” altered ca-
pacity to clear microorganisms. This
deleterious role of apoptosis has been
largely demonstrated in numerous
murine experiments in which its preven-
tion improved the likelihood of survival.
Several inhibitory strategies have been
applied, which may point to novel
therapeutic approaches in the clinic: cas-
pase inhibitors, antiretroviral protease
inhibitors, Fas targeting siRNA, Bcl-2
overexpression, CD95 inhibition
(13,138,156,157). Most importantly, the
degree of apoptosis of circulating lym-
phocytes correlates with sepsis severity
and predicts fatal outcome, suggesting
the importance of its measurement as a
prognostic biomarker to help in stratify-
ing patients. However, a major limitation
may be the drawbacks inherent in this
type of experiment, such as the necessity
of rapid processing of the samples (espe-
cially regarding annexin V staining),
hardly compatible with their use in ICUs
(158). Furthermore, as methods used for
studying apoptosis may often have a
significant rate of false-positive results
(especially the deoxyuridine triphos-
phate nick-end labeling assay), it is rec-
ommended to establish apoptosis on the
basis of two or more methods of detec-
tion among DNA-hypoploidy, morphol-
ogy, DNA laddering, annexin V staining,
active caspase-3, or mitochondrial per-
meability measurements (13).

TOWARD A GENOMIC APPROACH

It is likely that determining a single
parameter, as good as it may be, won't
be sufficient to characterize the complex-
ity of septic patients’ immunological
status, which rapidly changes over time.
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Therefore, the introduction of high-
throughput technologies, such as
oligonucleotide microarrays, represents
an emerging opportunity to open up
new dimensions in sepsis research. DNA
microarrays allow genomewide assess-
ment of changes in mRNA abundance,
therefore usable to monitor changes in
gene expression. Although the field that
has reaped the most important benefit
from the postgenomic era is cancer diag-
nostics, several recent microarray-based
genomewide expression studies have
contributed to the description of sepsis-
induced host response (159,160). Initially,
numerous studies examined the cellular
response to different microbial pathogens
or pathogen-associated molecular pat-
terns (PAMPs) in vitro. Changes in gene
expression after stimulation have been
experimentally studied in human circu-
lating leukocytes (161), DCs (162,163),
and differentiated human macrophages
(164) and in several animal models (165-
167). Recent studies took advantage of
this approach to assess whether it could
successfully be applied to the differentia-
tion between sterile systemic inflamma-
tion and sepsis in ICU patients (168-170).
Regarding outcome prediction and
monitoring, several studies conducted in
patients after surgery (171) or severe
trauma (172-174) have shown promising
results. We addressed this question in
septic shock patients monitored after the
early pro-inflammatory reaction, when
the patient’s immune functions are
known to be severely depressed (>48 h
after the onset of shock) (11). Stratifying
the results according to the outcome, we
identified a set of 28 genes whose sys-
temic transcriptional expression discrimi-
nated survivors with a sensitivity and
specificity of 100% and 88%, respectively.
Numerous genes in this list encoded for
mediators of pathogen-recognition path-
ways, pro-inflammatory response, and
cell-migration processes, supporting the
hypothesis of the occurrence of better re-
covery of immune function in patients
who survived. Among the genes upregu-
lated in survivors, the chemokine recep-
tor CX3CR1 showed the highest factor of
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change (=8-fold increase in comparison
with nonsurvivors). Additional investi-
gations showed a persistent decrease of
systemic CX3CR1 expression in mono-
cytes from septic shock patients at both
the mRNA and protein levels (118). Im-
portantly, CX3CR1 downmodulation was
significantly more pronounced in non-
survivors. It might directly impair mono-
cyte recruitment in tissue and contribute
to patients’ inability to kill invading mi-
croorganisms (175). This illustrates the
potential of a global transcriptional anal-
ysis to identify new molecules that may
play a role in sepsis pathophysiology
and may be used as prognostic markers.
Similarly, Wong et al. (176) investigated
the transcriptional response during the
early phase of septic shock (<48 h) in
children. Their data indicated that pa-
tients had decreased systemic expression
of a large number of genes that either
were dependent or played a direct role
in zinc homeostasis. Among genes differ-
ently expressed between survivors and
nonsurvivors, two isoforms of metalloth-
ionein-known to sequester zinc in the in-
tracellular compartment-demonstrated
increased expression in the nonsurvivors.
Interestingly, these results have been re-
cently extended by the analysis of addi-
tional data obtained 48 h after the first
time point (177). This second study re-
vealed time-dependent regulation of
gene networks primarily related to im-
munity and inflammation and confirmed
the persistent downregulation of genes
related to zinc homeostasis.

Despite discrepancies in the very first
transcriptome studies (due to differences
in specific technological aspects), gene
expression profiling is now recognized
as providing meaningful data when con-
ducted with rigorously validated and
standardized methodologies. A recent
study comparing data obtained from the
latest, state-of-the-art platforms showed
minimal technical variation and good
correlation with qRT-PCR, the gold stan-
dard for mRNA measurement (178). Sim-
ilarly, recent comparative cross-laboratory
studies gave very promising data
(179,180). Thus, because of patients’
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heterogeneity and of the high complexity
of sepsis pathophysiology, much will be
gained from the next multicenter studies
monitoring the dynamic behavior of
gene expression over time (181,182).

The identification of polymorphic ge-
nome variations that may influence sus-
ceptibility to sepsis and/or alter its out-
come represents another challenge (183).
Although numerous studies have ob-
served that single nucleotide polymor-
phisms (SNPs) in genes involved in sepsis
response are associated with increased
susceptibility to disease/adverse out-
come, results were often inconsistent. This
might be explained not only by methodo-
logical limitations, in terms of both study
design and genotyping methods (184), but
also by the complexity of sepsis patho-
physiology. This also suggests that a
panel of SNPs will probably be more effi-
cient in characterizing the genetic back-
ground of the disease. The development
of genomewide human SNP genotyping
microarrays featuring thousands of ge-
netic markers represents an emerging op-
portunity to address this question.

FUTURE THERAPEUTIC STRATEGIES AND
CONCLUSION

Our understanding of the pathogenesis
of sepsis has been oversimplified during
the past decades and, as a result, many
clinical trials addressed the pro-inflam-
matory side when there was no evidence
that hyperinflammation was dominant in
patients. Some issues remain before we
gain a complete picture of events leading
to immunosuppression: Are the major
sepsis-induced inhibitory mechanisms
all established? What is the physician-
caused part of immunosuppression, be-
cause sedatives, catecholamines, insulin-
all immunosuppressive-are administered
to the patient? Is the cellular energetic
status crucial in maintaining immune
functions? How important is the neu-
roendocrine-mediated part of immuno-
suppression? How preponderant is im-
mune failure among other organ
failures? Nonetheless, we can reasonably
state that patients with sepsis present
with features consistent with im-

munoparalysis. Consequently, stimulat-
ing the patient’s immune system may
become a promising therapeutic strategy.
As presented in this review, we delineate
four types of therapeutic interventions:
blocking soluble anti-inflammatory me-
diators, restoring antigen-presenting cell
function, restoring T lymphocyte func-
tion, and blocking apoptosis (Table 2).
In order not to repeat the mistakes from
the past, we should keep in mind that
targeting a single mediator/function
among many immune dysfunctions may
be inefficient.

Regarding an eventual blockade of
IL-10 function, we presently lack enough
consistent data in the human setting, and
studies in animal models have provided
contrasting results. AS101, with the ca-
pacity to inhibit IL-10, has been demon-
strated to increase survival in septic mice
(185), whereas anti-IL-10 antibodies did
not improve bacterial clearance and mor-
tality in murine models (186). That said,
we may speculate that blocking a single
mediator in a context where many in-
hibitory pathways are involved/acti-
vated, would remain inefficient (as was
targeting a single pro-inflammatory me-
diator during the early cytokine cascade
in septic shock). However, AS101 might
still be interesting because it acts through
different mechanisms (inhibition of IL-10,
activation of macrophage functions, inhi-
bition of IL-1p converting enzyme). Fur-
ther investigations are required.

Several molecules (IFN-y, G-CSF,
GM-CSF) have been used to stimulate
monocyte functions and gave interesting
preliminary ex vivo results (increase in
mHLA-DR expression, restoration of
cytokine production). Several prospec-
tive randomized multicenter trials using
IFN-y have been conducted in trauma
patients. However, despite interesting re-
sults regarding secondary end points in
some subgroups of patients (decreased
severity in nosocomial infections, de-
creased mortality in infected patients),
they remained inconclusive regarding
overall mortality or infection rates
(187,188). Presneill et al. (189) presented
preliminary GM-CSF data in 10 patients
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Table 2. Putative taryet-directed therapies for restoring immune function during sepsis-induced immunosuppression based on bioloyical staging.

Target/Immune dysfunction

Surrogate marker

Druy

Deactivated monocytes

Deactivated/decreased DCs

Lymphocyte aneryy

Persistent increased IL-10 concentration
Increased apoptosis

Decreased pro-inflasnmatory cytokine release
in response to LPS

Decreased HLA-DR expression

Decreased CX3CR1 expression

Decreased circulating GM-CSF concentration

Decreased circulating DCs

Lowered lymphocyte proliferation

Increased % of Trey

?

Persistent increased IL-10 concentration

Lymphopenia

Decreased circulating DCs
Decreased monocyte CD14 expression
Increased annexin-V labeling

IFN-y, GM-CSF, G-CSF, TLR agonists

FLT3-L, TLR agonists
IL-7, GITR ayonists

Immunoglobulins

Anti-IL-10, AS 101

Ritonavir, caspase inhibitors, Fas/FasL
blockers

with sepsis-induced respiratory failure.
They observed modest improvement in
gas exchange, ARDS resolution, and
alveolar leukocyte phagocytic functions,
but it was not accompanied by enhanced
survival. In a prospective, randomized,
placebo-controlled trial, Rosenbloom et
al. (190) investigated whether GM-CSF
treatment can improve leukocyte func-
tions and mortality in 40 septic patients.
They observed a higher leukocyte count,
increased mHLA-DR, and better cure/
improvement of infection in the treated
group but no difference in mortality.
Nevertheless, it should be noted that
these trials were designed without pa-
tient stratification, whereas drug efficacy
should be assessed only in patients with
established impairment in monocyte
function. To our knowledge, only two
studies stratified septic and trauma pa-
tients with respect to mHLA-DR. Be-
cause of the small number of patients
included, it is not yet possible to reach
conclusions on the impact of IFN-y treat-
ment in septic patients, but promising
results have shown a decrease in mortal-
ity and/or rate of nosocomial infection
(107,191). A randomized, double-blind,
placebo-controlled phase II trial using
GM-CSF has just been completed in pa-
tients with severe sepsis and septic
shock; results are still not available
(www.clinicaltrials.gov/ct2 /show /NCTO
0252915). Given the central role of DCs in

both innate and adaptive immune re-
sponses, increasing their number and
restoring their function might constitute
another potential treatment. In particular,
the use of FLT3-L-known to activate and
expand DCs-was shown to reverse im-
munoparalysis in a mouse model of en-
dotoxin tolerance (77) and to increase re-
sistance to P. aeruginosa opportunistic
infections in burned mice (76). In human
patients, phase II/1II trials have been
conducted in cancer patients, but not yet
in sepsis. Interestingly, GM-CSF and
FLT3-L have synergistic effects on the DC
maturation process. Activation of TLRs
may also allow upregulation of specific
antimicrobial defenses; this approach is
currently under investigation (192).
Augmenting T-cell function and fight-
ing lymphopenia may represent another
therapeutic strategy. For example, IL-7 is
an essential cytokine for T-lymphocyte
development, survival, expansion, and
maturation in humans. Phase I clinical
trials in cancer patients and HIV-infected
patients have shown that T-cell expan-
sion can be achieved at doses that are
well tolerated (193,194). The use of lig-
ands of co-activator receptors for effector
T lymphocytes may also have beneficial
effects. As an example, recent results by
Scumpia et al. (128) have shown that
anti-GITR agonistic antibodies were able
to restore lymphocyte proliferation, pre-
vent CD3 downmodulation, decrease
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bacteremia, and increase survival in a
mouse model of sepsis. Intravenous use
of immunoglobin therapy has also been
proposed as an adjuvant treatment for
sepsis, but its benefits remain unclear.
The authors of recent meta-analyses rec-
ommend conducting larger clinical trials
with patient stratification (195,196).
Finally, strategies designed at blocking
apoptosis, including caspase inhibitors,
overexpression of Bcl-2, and inhibition of
Fas/FasL signaling, have demonstrated
survival improvement in animal models
of sepsis as well (13,138,156,157). That
said, no therapeutic strategy is sufficiently
developed for clinical use. An alternative
might be provided by HIV protease in-
hibitors, whose activity is partly mediated
through anti-apoptotic effects. Adminis-
tration of ritonavir improved survival in
a murine model of sepsis, even when
given after the onset of the disease (197).
As these protease inhibitors are well toler-
ated in patients, we may expect enticing
possibilities in sepsis. A phase I trial is
currently underway, investigating in
healthy volunteers the effects of these
drugs in boosting the immune system
(www.clinicaltrials.gov/ct2/show/
NCT00346619). Of note, drugs aimed at
blocking apoptosis may be used as ad-
junctive agents in association with mole-
cules targeting monocytes or leukocytes.
In summary, both arms of immunity,
innate and adaptive, are severely dys-
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functional in septic patients. This very
likely contributes to the development of
nosocomial infections and patients” in-
ability to clear primary infections. Conse-
quently, therapies capable of restoring
immune function represent a new worth-
while strategy. Although we cannot pre-
dict that these therapies will be effica-
cious, they surely deserve to be fully
investigated, considering the high mor-
tality that has characterized septic syn-
dromes for 25 years. In order not to re-
peat the mistakes from the past, an
absolute prerequisite for clinical trials is
to systematically assess patients” im-
mune functions to be able to define indi-
vidualized immunotherapy.
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